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P A Sharp, E S Debnam, S K S Srai Abstract Background-Increased jejunal glucose transport after ingestion of carbohydrate rich diets may reflect higher concentrations of lumenal glucose. Normal processing of carbohydrate causes wide fluctuations in glucose concentration in the jejunal lumen and this raises the question of whether the high lumenal concentrations seen at peak digestion affect glucose uptake. Aims-To study the effects of 30 minute exposure of rat jejunal mucosa to glucose on sodium-glucose transporter (SGLT1) mediated glucose transport across the brush border membrane. Methods-Jejunal mucosa was exposed in vitro or in vivo to 25 mM glucose or 25 Lumenal carbohydrate has profound effects on the digestive and absorptive functions of the small intestine. In particular, the feeding of a high carbohydrate diet for several days stimulates intestinal glucose uptake' 2 and increases the expression of sodium-glucose transporter (SGLT1) at the brush border membrane. 3 The jejunal brush border membrane displays a greater response than the ileum' suggesting that the signal for the upregulated transport may be local, the simplest explanation being an increased concentration of lumenal carbohydrate resulting from the dietary change. Results using other models of intestinal adaptation also imply that raised lumenal sugar concentrations enhance SGLT1 expression. 4 6 Feeding a carbohydrate rich diet also promotes hexose transport at the basolateral membrane7 and increases the concentration of enterocyte GLUT2 mRNA.3 Comparison of the speed for adaptation of sugar transport at the basolateral membrane and brush border membrane in dietary studies suggested that basolateral changes precede those at the brush border.7 Exposure of the jejunal mucosal surface to increased concentrations of glucose for shorter periods of time (four to eight hours) also increases jejunal glucose uptake.8 9 Adaptation over this time scale is important in that it implies alterations in sugar transport during the intestinal processing of a meal when rapid changes in the concentration of lumenal sugar are occurring. To examine the possible mechanisms involved in the transport response to lumenal glucose, we have compared the kinetics of phlorizin sensitive (SGLT1 mediated) glucose transport following 30 minutes of exposure of either intact jejunal mucosa or isolated villus enterocytes to sugar. Glucose uptake by the brush border was measured using purified membrane A 40 cm section of jejunum, starting 10 cm distal to the ligament of Trietz, was removed from anaesthetised rats and divided into two equal lengths. These were then everted to allow exposure of the mucosa to buffer. After tying a ligature at one end, the segment was filled with PBS, taking care not to overdistend the tissue, and then tied at the other end. One loop was incubated in oxygenated PBS containing 0.5 mM 3-hydroxybutyrate and 1 mg/ml bovine serum albumin and either 25 mM glucose or galactose. The second loop was incubated in PBS containing 25 mM mannitol. Incubations were carried out at 37°C in a shaking water bath (100 oscillations/min). After 30 minutes the loops were removed and the mucosa removed and treated as above.
ISOLATED ENTEROCYTES
Jejunal enterocytes from the upper and midvillus region were harvested by a calcium chelation technique.'2 Cells were incubated with oxygenated phosphate buffer containing mannitol or glucose for 30 minutes at 37°C in a shaking water bath. At the end of the incubation, cells were pelleted by centrifugation and resuspended in the homogenisation buffer (3:1 v/v buffer/cells).
BRUSH BORDER MEMBRANE VESICLES
Vesicles were prepared by a previously described method'3 with some modifications. Briefly, mucosal scrapings or upper villus enterocytes were homogenised for 2 X 30 seconds with an Ultra Turrax homogeniser (Janke and Kunkel, FRG) at full speed. The homogenate was centrifuged at 2500 g for 15 minutes. The supernatant was removed and further centrifuged at 20 500 g for 20 minutes. This step produces a double precipitate consisting of a white fluffy upper pellet and a hard brown lower pellet. The upper layer was removed by gentle swirling following the addition of 5 ml of a resuspension buffer containing 300 mM mannitol, 20 mM HEPES, 0a 1 mM MgSO4, 0.5 mM PMSF, and 100 units/ml aprotinin. The hard brown pellet was resuspended in resuspension buffer by homogenisation in a hand held homogeniser. The homogenate was diluted to a final volume of 60 ml with the same buffer and MgCl2 (final concentration 10 mM) and stirred on ice for 20 minutes. Following centrifugation at 3000 g for 10 minutes, the supematant was centrifuged for a further 30 minutes at 27 000 g to obtain the brush border pellet. All the above steps were performed at 4°C. For some experiments, brush border membrane vesicles were prepared by a similar method.'4 Glucose uptake was found to be identical for the two methods of vesicle preparation. The activities of sucrase and alkaline phosphatase in the initial homogenate and brush border membrane suspensions were determined'5 16 together with Na+,K+-ATPase activity'7 to calculate enzyme enrichment values in the membrane preparations.
VESICLE GLUCOSE UPTAKE
[3H]-D-Glucose transport (11-470 or 970 ,uM) used freshly prepared brush border membrane vesicles as described previously.'8 Uptake measurements were carried out at t=4 s and therefore represent initial unidirectional uptake. To determine the phlorizin sensitive (SGLT1 mediated) component of uptake, parallel experiments measured uptake of D-glucose in presence of phlorizin (1 mM), a concentration which inhibits electrogenic glucose uptake at concentrations up to 32 mM.'9 These data were subtracted from uptake in absence of the blocker. Vmax (maximum transport capacity) and Kt (glucose concentration at half Vmax) for SGLT1 mediated glucose transport were derived using a non-linear least squares curve fitting program (Microcal Origin).
In rat intestine, glucose may utilise the brush border fructose transporter, GLUT5 and moreover, expression of the facilitated sugar transporter GLUT2 may ocur at the brush border membrane. These findings, and others, imply pathways for glucose movement at the brush border membrane in addition to that occurring via SGLT1 .5 20 For this reason, additional uptake experiments were performed using 20 mM glucose, a concentration in keeping with the low affinity of facilitated sugar transporters for glucose. At 20 mM glucose it was, however, necessary to separate phlorizin insensitive glucose movement into its facilitated and passive components, a procedure which is unnecessary at concentrations below 1 mM. Passive transport was taken as the uptake of 20 mM L-glucose. Subtraction of L-glucose transport from phlorizininsensitive D-glucose uptake allowed the facilitated component of glucose uptake to be quantified.
STATISTICS
All results are means (SEM). Differences between means were evaluated by Student's t test, paired or unpaired as appropriate, and considered significant at p<005. Glucose concentration (gM) Phlorizin sensitive glucose uptake using vesicles prepared from in vivo loops exposed to glucose containing PBS was 49-2-57.2% higher than that using membrane prepared from loops exposed to 25 mM mannitol (Fig 1A) . The after enterocyte exposure to glucose was not different to that seen using 25 mM mannitol (Fig 3, p>0 . 1 at all concentrations; Table) .
Discussion
Previous studies have shown that increased dietary carbohydrate promotes glucose uptake by brush border membrane,' 2 the likely explanation being that raised concentrations of lumenal sugar increase the expression of the SGLT1 transporter.3-5 7 An enhanced basolateral glucose transport has also been noted after increased carbohydrate ingestion7 and this may be a consequence of increased expression of GLUT2. We have previously shown that the potential difference across the brush border membrane is subject to physiological control, hyperpolarisation having been noted in many experimental conditions.'4 [23] [24] [25] [26] Because the potential difference is a driving force for SGLT1 mediated glucose transport,24 it is possible that an increased electrochemical gradient across the brush border membrane, generated by mechanisms operating at subepithelial level in response to lumenal glucose, may contribute to our present findings.
The absence of rapid adaptation after incubation of isolated enterocytes with glucose indicates that an intact mucosa is required for the response. Furthermore, the stimulation of glucose uptake by brush border membrane when isolated intestine was exposed to lumenal glucose is strong support for local nervous or paracrine mediation. The failure of galactose, a hexose which also utilises SGLT1, to upregulate glucose transport, implies that glucose does not have to be absorbed into enterocytes, and that there is a substrate specificity for rapid lumenal upregulation of transport. Taken together, our data suggest that mucosal chemoreceptors respond specifically to glucose and initiate a reflex which culminates in enhanced local glucose transport. possible that this neurotransmitter may also modulate glucose uptake locally.
The relevance of our findings regarding control of glucose absorption needs to be considered. Lumenal concentrations of glucose fluctuate greatly during carbohydrate digestion and absorption5 32 and our findings suggest that the capacity for intestinal glucose uptake is not fixed but is constantly adapting in response to prevailing lumenal concentrations of glucose. In this way, rapid mucosal adaptation to glucose might be important for the coupling of glucose transport to its lumenal availability during intestinal processing of carbohydrate. Additionally, raised lumenal glucose concentration in more distal areas of small intestine, may also increase glucose uptake in proximal small intestine by activating another reflex33 in conditions where unusually high levels of sugar are present in the intestinal tract. Together, the two responses would ensure that only minimal amounts of sugar enter the colon.
In conclusion, we have demonstrated that exposure of jejunal mucosa to glucose increases glucose uptake by brush border membrane within 30 minutes by a local mechanism which requires an intact mucosa and a specificity for glucose as the signal. At the cellular level, enhanced activity of membrane associated SGLT1 or a greater electrochemical driving force across the brush border membrane are likely to be involved in the response. 
